ϩ age-dependent Ca 2ϩ channels and K ϩ channels, increaschannels. Although three separate names are proposed ing their activities, speeding depolarization, increasing for the channel, Hyperpolarization-Activated, Cyclic Nucontractility, and shortening the action potential duracleotide-Gated K ϩ (HCN) seems an appropriate abbrevition. The end result is a significant increase in heart rate ation.
and contractility. Similar mechanisms for regulation by This discovery of pacemaker currents was not as G protein-linked receptors modulate repetitive firing straightforward as it might now seem in this age of rates in neurons (reviewed by Pape, 1996) . The role of patch-clamp methodologies. The timing of the pacecGMP in controlling pacing currents is intriguing but maker depolarization in heart was at first thought to less well understood. be controlled by a slow decline in conductance during Although cyclic nucleotide-gated (CNG) channels were diastole (Weidmann, 1951 ) that was K ϩ selective. The idea of a slowly declining K ϩ channel conductance was incorporated into the I K2 current in early models of the action potential (Noble and Tsien, 1968) . Since closing K ϩ channels does not depolarize cells above action potential threshold, the explanation of pacing required additional inward background currents that were time invariant. The first significant revision of these early ideas about pacemaking currents stemmed from the observation of a hyperpolarization-activated inward current in rabbit sinoatrial (SA) nodal cells (Noma and Irisawa, 1976) . A nonselective inward current was shown to mediate part of adrenaline's acceleration of SA nodal cell firing (Brown et al., 1979) . This current was named I f (f for "funny") or I h (h for hyperpolarization activated), and it replaced I K2 in pacing models (DiFrancesco and Noble, 1979) . Neuronal I h was characterized in rod photoreceptors as a cesium-sensitive slow inward current activated by hyperpolarization (Attwell and Wilson, 1980) . The If/Ih current is inactive at depolarized potentials where action potentials are firing but is turned on by hyperpolarization to the pacing range of potentials (Ϫ80 to Ϫ30 mV). Thus, negative to its equilibrium voltage at Ϫ30 mV the current passes cations into the cell, slowly depolarizing the membrane potential and deactivating upon continued depolarization (reviewed by DiFrancesco, 1993) . Figure 1 outlines the role of I f in heart and I h in neurons. 
cloned in 1989 (Kaupp et al., 1989) , and many channelol- (Schachtman et al., 1992) . In simple channel models, the protein has three sequential states representing closed, ogists had guessed that I f and I h would be related, it has taken 10 years to track down this new family. The open, and inactivated pores. Voltage-activated K ϩ channels are generally closed at resting membrane potenproblem was undoubtedly that the new clones bear only 28% identity to the CNG channel class found in photoretials, open as they are depolarized, and then are inactivated. Theoretically, the activation threshold in KAT1 ceptor and olfactory cells. The first group to report a partial clone found it serendipitously, via a yeast twochannels is shifted far negative, so that at resting membrane potential the channel is already inactive. Moderate hybrid screen designed to detect proteins interacting with the neuronal-specific form of Src (Santoro et al., hyperpolarizations might shift the channel states from inactivated to open. Since the S4 voltage-sensing region 1997, 1998). Essentially the same clone was found via the EST data base by matching the cyclic nucleotide of the K ϩ channel is presumed to be responsible for setting both the activation voltage and steepness of binding domain of CNG channels (Ludwig et al., 1998) . By comparing the sequences identified by these two its dependence on voltage, Miller and Aldrich (1996) replaced positively charged amino acids with neutral groups, there are at least five separate cDNA clones in mouse, with only two being adequately characterized.
amino acids in the S4 region of Shaker K ϩ channels and BCNG-1 (Santoro et al., 1998) is identical to Ludwig and colleagues' (1998) HAC-2 (except R42G), while BCNG-2 is the same as HAC-1 (except S433F and I589T). HAC-3 (Ludwig et al., 1998) may be a splice variant of Santoro's BCNG-4. In another approach, a sea urchin sperm library was screened with degenerate primers of the cyclic nucleotide binding region (Gauss et al., 1998) . The expressed HCN proteins (Table 1 ) and the characterized If current have similar properties. Both are approximately four times more permeant to K ϩ than Na ϩ ions and have no significant permeability to anions or divalent cations. Both are activated at hyperpolarized membrane potentials. Intracellular cyclic nucleotides, specifically cAMP and cGMP, directly bind the channel and increase channel activity. One micromolar concentrations of cAMP and roughly 10-fold higher concentrations of cGMP shift the steady-state activation curve positive by 2-10 mV. It is likely that most of the observed differences in reversal potentials, kinetics of activation and deactivation, and cyclic nucleotide sensitivity between pacing currents observed in various tissues are explained by the fact that there are several related family perpolarization. This property is also present in the voltUnderlined residues show areas of diffence between the cAMPsensitive HAC-1 and the relatively insensitive BCNG-1.
age-gated inwardly rectifying plant K ϩ channel, KAT1
progressively shifted activation to more hyperpolarized agents that might find therapeutic niches related to cardiac and neurologic diseases. potentials. However, although the BCNG-1 and HAC-1 channels display a steep dependence on voltage, and S4 domain and/or N-terminal domain will likely be Nature 393, [587] [588] [589] [590] [591] among the first followup experiments for the new HCN Marten, I., and Hoshi, T. (1998 ). Biophys. J. 74, 2953 -2962 channel class. Miller, A.G., and Aldrich, R.W. (1996) . Neuron 16, [853] [854] [855] [856] [857] [858] The selectivity filter of K ϩ channels is now understood Noble, D., and Tsien, R.W. (1968). J. Physiol. 195, 185-214. in more detail thanks to recent high resolution structural Noma, A. (1996) . Jpn. Heart J. 37, 673-682.
data (Doyle et al., 1998) . At both inner and outer mem- Noma, A., and Irisawa, H. (1976 clones, a conserved threonine is replaced by cysteine just N-terminal to the GYG sequence, and the aspartate immediately following GYG is replaced by a positively charged arginine or lysine (Figure 2 ). The channel may have lost its selectivity if the result of these mutations is to make a smaller pore that can coordinate either hydrated Na ϩ or K ϩ ions. Undoubtedly, in the near future these residues will be mutated to see if specific substitutions at these sites can generate a cyclic nucleotidegated K ϩ -selective channel.
Another interesting feature of the HCN clones is the cyclic nucleotide binding region. Some neuronal I h currents have low sensitivity to cyclic nucleotides. Interestingly, the expressed BCNG-1 clone is fairly insensitive to cAMP, with only a 2 mV shift in the activation curve upon exposure to high cAMP concentrations, while the closely related HAC-1 clone exhibits a 12 mV shift. Examination of the two cyclic nucleotide binding domains reveals several amino acid differences that may account for a lower affinity of the BCNG-1 clone for nucleotides or disruption of the coupling process (Figure 2) .
The cloning of the pacemaker current adds to the large number of cloned and characterized ion channel cDNAs. It is an especially important addition because molecular characterization of these channels will be a key to identifying genetic alterations that may lead to cardiac arrhythmias, epilepsy, and neurologic disorders. Finally, of course, this molecular characterization will provide a new tool for the discovery of pharmacologic
